Accidental laser exposure to the eyes may result in serious visual impairment due to retina degeneration. Currently limited treatment is available for laser eye injury. In the current study, we investigated the therapeutic potential of bone marrow-derived stem cells (BMSCs) for laser-induced retinal trauma. 
Introduction
Laser is used in many settings including medicine, industry, research laboratories, entertainment, and notably, the military. Accidental laser injuries to human eyes have been documented since the introduction of lasers (Allen et al., 2004; Kearney et al., 1987; Mainster, Stuck, & Brown, 2004) . These ocular injuries lead to retinal destruction with massive photoreceptor cell death and choroid neovascularization (CNV) (Ying, Symons, Lin, Solomon, & Gehlbach, 2008) , which may result in severe visual impairment. Photoreceptors belong to the central nervous system. Once lost through apoptosis, it is thought that they are never regenerated. The development of CNV is initiated by the disruption of the Bruch's membrane and formation of new vessels beneath the retina, derived from the choroid. Typical pathologic features demonstrate similarity to CNV observed in age-related macular degeneration (AMD). Currently, limited effective treatment is available for prevention of CNV and preserving photoreceptors in laser eye injury (Brown et al., 2007) .
There are several approaches to treat retinal degenerative trauma. One approach to prevent photoreceptor cell death following a laser insult has been to treat the injury with neurotrophic factors (Schuschereba et al., 1994) . Another approach is to treat laser-induced retinal injury by neural stem cell transplantation (Pak et al., 2004) . However, this approach is hampered by the possibility of cell rejection. Therefore, an attractive alternative to the use of embryonic stem cells for therapeutic intervention is to apply autologous BMSCs. These cells may offer a level of neuroprotection with no possibility of rejection by the immune system. Furthermore, BMSCs may offer the same pluripotency of embryonic stem cells, but without the danger of forming teratomas (tumors), which remains a serious risk from embryonic stem cells.
Adult bone marrow is known to contain lineage positive (Lin + ) and lineage negative (Lin À ) subpopulations. Lin + BMCs are committed hematopoietic cells, while Lin À BMCs consist of hematopoietic stem cells (HSCs), mensenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs). These cells are self-renewable, pluripotent and have the ability to acquire a phenotype that differs from their tissue of origin. Recently, BMSCs have been shown to differentiate into multiple tissue types including endothelium, epithelium, neuron, muscle, bone, and myocardium (Brazelton, Rossi, Keshet, & Blau, 2000; Ferrari et al., 1998; Grant et al., 2002; Harris et al., 2004; Kopen, Prockop, & Phinney, 1999; Mezey, Chandross, Harta, Maki, & McKercher, 2000; Orlic et al., 2001) . In addition to the abilities of regeneration and differentiation, BMSCs can mobilize from the bone into peripheral blood, travel to damaged tissues and participate in tissue repair. This BMSC trafficking is regulated by chemokine gradient which is induced by upregulation of chemokines in injured organs. Stromal cell-derived factor 1 (SDF-1) is a chemokine which plays a critical role in stem cell migration towards areas of tissue injury and hypoxia. Studies have shown increased expression of SDF-1 in damaged tissues. SDF-1 recruits CXCR4 expressing stem cells including HSCs, MSCs and EPCs (Ceradini et al., 2004; Khurana & Mukhopadhyay, 2007; Kucia, Ratajczak, & Ratajczak, 2005 ).
In the current study, we investigated the therapeutic potential of BMSC for laser-induced retinal trauma. We sorted the Lin À BMCs and labelled with Qdots, semiconductor nanoparticle probes, to track Lin À BMCs in vivo. Survival, migration, proliferation and differentiation of Lin À BMCs were examined in a mouse model with early laser-induced apoptotic photoreceptor and late laser-induced CNV (Muniz, Yarbrough, Edsall, Stuck, & Wang, 2009 ).
Materials and methods

Animals
C57BL/6 adult mice were purchased from National Cancer Institute Animal Production Program (Frederick, MD). All experiments were performed according to the regulations in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and all experimental procedures were approved by the local Institutional Animal Care and Use Committee.
Animal model of laser retinal injury
Mice were anesthetized with an intramuscular injection of a combination of ketamine (95 mg/kg) and xylazine (5 mg/kg). Local anesthetic drops (proparacaine-HCl 0.5%; Bausch & Lomb, Tampa, FL) were administered before the application of 1% tropicamide (Bausch & Lomb) and 2.5% Phenylephrine HCl 2.5% (Bausch & Lomb) to dilate the pupils. With the aid of a scanning laser ophthalmoscope (Rodenstock, Columbus, OH), argon laser spots (120 mw, 100 ms, 100 lm) were applied to each fundus around the optic disc.
Tissue preparation
Eyes were embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA), frozen with liquid nitrogen, and stored at À80°C. Sections of 12 lm were cut through the entire eye, along the vertical meridian, on a cryostat at À20°C and thaw-mounted onto Super Frost Plus glass slides (Fisher Scientific, Pittsburgh, PA). Sections on the glass slides were air-dried and fixed in cold acetone for 10 min. For each eye, approximately 50 sections were acquired on slides for further processing.
TUNEL assay
A biotin-streptavidin-based TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end in situ labelling) kit (R&D systems, Minneapolis, MN) was used. Retina tissue cryosections were permeabilized with 0.1% sodium citrate with 0.5% triton (30 min at room temperature) and quenched with 3% hydrogen peroxide. The samples were incubated at 37°C with a mixture of terminal deoxynucleotidyl transferase (TdT), deoxynucleotriphosphates (dNTP) conjugated to biotin, Mn2 + , and TdT reaction buffer for 1 h. After stopping the TdT reaction, the tissues were incubated 30 min at room temperature with streptavidinconjugated horseradish peroxidase, washed, immersed in DAB diluted in PBS solution for 5 min at room temperature.
Quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was prepared from harvested ocular tissues after laser injury using the RNeasy mini kit (Qiagen). Unlasered retinas were harvested as control. RNA was purified by a gDNA eliminator spin column in order to minimize the amount of gDNA cross-contamination. cDNA was prepared using the High Capacity RNA-tocDNA Kit (Applied Biosystems, Foster City, CA). Relative levels of target gene expression were measured on the 7300 real-time RT-PCR system (Applied Biosystems). The expression levels of SDF-1 and the endogenous 18S rRNA were measured by multiplex PCR using probes labelled with 6-carboxyfluorescein (FAM) or VIC Ò (Applied Biosystems) respectively. The pre-developed primers and probes were used for SDF-1 (IDs Mm00445552_m1; Applied Biosystems) and eukaryotic 18S rRNA primer/probe mix (VIC/ MGB probe) part number 4319413E (Applied Biosystems). The simultaneous measurement of SDF-1-FAM and 18S rRNA-VIC permitted normalization of the amount of cDNA added per sample. Duplicate PCRs were performed using the TaqMan Ò Gene expression Master Mix and the 7300 real-time RT-PCR system (Applied Biosystems). Relative PCR analysis was performed using the standard curve method from SDS Software. Relative standard curves were generated from a dilution series from a ''reference" sample for 18S rRNA and SDF-1. Only the reaction efficiency greater than 90% was used. The quantity of the 18S rRNA and SDF-1 was calibrated by the relative standard curve. The ratio of SDF-1 to 18S rRNA was compared from laser exposed retinas to controls (no laser exposure). The statistics was performed with student t test. Statistical significance was defined as p value <0.05.
Isolation of Lin
À BMCs BM cells were harvested from tibiae and femurs of each mouse, and mononuclear cells were collected through 70 lm Cell strainer.
Cells were further enriched by a kit called ''Mouse hematopoietic progenitor (Stem) cell enrichment set -DM" (BD Biosciences, San Jose, CA). Briefly, the mononuclear cells were labelled with biotin-conjugated lineage antibody cocktail (anti-CD3e, anti-CD11b, anti-CD45R/B220, anti-Ly6G, Ly6C and anti-Ter-119; BD Biosciences) followed by incubation with BD IMag Streptavidin Particle Plus (BD Biosciences). The tube containing this labelling cell suspension was then placed within the magnetic field of the BD IMagnet (BD Biosciences). Negative selection was performed to enrich for Lin À BMCs.
Qdots labelling
Lin À BMCs were labelled with Q-Tracker 655 Cell Labelling kit (Invitrogen, Carlsbad, CA). The kit contains component A and component B. Component A is Qdots made with a cadmium selenium core and an inner zinc sulfide shell (CdSe/ZnS). Component B is a custom peptide bonded to the Qdots outer shell that allows the Qdots to be internalized into the cell and exist in periplasmic vesicles. We pre-mixed 1 lL each of Component A and Component B in a 1.5 mL microcentrifuge tube and incubated for 5 min at room temperature. Growth medium (DMEM with 10% FBS) containing 10 nM Qdots was added to 1 Â 10 6 Lin À BM cells in suspension and incubated for 1 h at 37°C, 5% CO 2 according to the instructions of the manufacturer. Lin À BM cells were washed twice with growth medium and re-suspended in PBS for intravitreal injection.
Intravitreal injection
Six 8-10 week old C57BL /6 were used for each group (2 weeks or 4 weeks post injection). Post laser exposure mice (24 h) were used for intravitreal injections. The anesthetized mice were treated with topical anesthetic drops then dilated. Under a dissection microscope, a 30 gauge needle was used to create a lateral sclerotomy. A Nanofil micro syringe (World precision Instruments, Sarasota, FL) with a 33 gauge needle was inserted through the sclerotomy and 1x10 5 cells (1.0 lL total volume) were injected.
Lin
À BM cells were injected into one eye and PBS into the contralateral eye of the same animal.
In vivo bromodeoxyuridine (BrdU) labelling
Immediately after the intravitreal injection, mice were given intraperitoneal injection of BrdU (Sigma-Aldrich, ST Louis) diluted at 10 mg/ml in PBS at 0.1 ml daily. At different time points (1 or 2 weeks) after BrdU injections, mice were sacrificed and eyes collected for immunohistochemistry.
Immunohistochemistry
Primary antibodies included mouse anti-BrdU (1:100; BD Biosciences), rat anti-mouse CD31 (1:100; BD Biosciences), mouse anti-pan-cytokeratin (1:200; Sigma-Aldrich), mouse anti-rhodopsin (RET-P1; Sigma-Aldrich) and mouse anti-actin, smooth muscle (1:400; Sigma-Aldrich). For primary antibodies made in mice, frozen sections were blocked in mouse IgG blocking reagent (M.O.M., Vector labs, Burlingame CA) for 1 h at room temperature, then incubated with primary antibody diluted in MOM protein diluents (M.O.M., Vector labs) for another 1 h; followed by biotin-conjugated anti-mouse IgG (M.O.M., Vector labs) and FITC Avdin DCS (1:100; M.O.M., Vector labs). For BrdU immunostaining, in order to expose the incorporated BrdU, frozen sections were treated with heat retrieval in citrate buffer, followed by the method described above. For CD31 immunostaining, frozen sections were blocked with 2% horse serum and incubated with anti-CD31 for 1 h at room temperature. Biotin anti-rat IgG (Vector Labs) was applied to the slides and then added FITC Avdin DCS. Besides using CD 31 to localize endothelial cells, we also used Isolectin IB4 to identify endothelial cells. For Isolectin IB4 staining, frozen sections were incubated with biotin Isolectin IB4 (Vector labs) and followed by FITC Avdin DCS. All the sections were counterstained with DAPI and examined with Nikon Eclipse E600 fluorescent microscope (Nikon Instruments, Inc. Melville, NY).
Results
Photoreceptor apoptosis and CNV were induced by laser damage
In order to examine laser damage to the retina, we performed TUNEL assay to assess apoptosis. Retinas from 3, 8 and 24 h post laser exposure were studied. Apoptotic photoreceptors were evident at 8 and 24 h post laser exposure ( Fig. 1 A and B) . No apoptosis was observed on lesions 3 h post laser exposure (6/6 lesions; data not show). For the retinas exposed 8 h earlier, only 66% of lesions (4/6 lesions) exhibited TUNEL positive cells at outer nuclear layer (ONL) (Fig. 1D) . The retinas which received exposure 24 h earlier showed 100% of the lesions (9/9 lesions) had apoptotic cells evenly distributed at ONL (Fig. 1D ). Retinal histology study showed the laser-induced CNV at 7 days post laser exposure (Fig. 1C) . These data indicated the laser parameters used in this study induced early photoreceptor apoptosis and late development of CNV. 1 is upregulated in laser exposed retinas. Therefore we investigated the temporal expression of SDF-1 in retinas after laser exposure with quantitative real-time RT-PCR. At 0, 1, 2, 4, 7, 12 and 15 days after the laser exposure, mice were euthanized (n = 3 at each time point) and total RNA was harvested from the retinas. Real-time RT-PCR was done using TaqMan assay with primers and probes specific for SDF-1 or 18S rRNA. The expression of retinal SDF-1 mRNA elevated at 24 h post laser exposure about 2.5-fold of normal retinas (Fig. 2) . It then decreased to about 1.5-fold of normal retinas 2 days post laser exposure. The highest expression of SDF-1 was on day 7 post laser exposure (Fig. 2) . However, it was not statistically significant. We choose the time point of 24 h post laser exposure to perform the intravitreal injection of Lin À BMCs into laser injured eyes. The time point is concomitant with the peak of laser-induced photoreceptor apoptosis.
Survival and migration of transplanted Lin À BMCs
Lin À BMCs from same strain donor mice (C57BL/6), labelled with Qdots, were intravitreally injected into mice exposed to laser 24 h earlier. Transplanted Lin À BMCs were tracked in vivo by intracellular Qdots and BrdU lablelling. Lin À BMCs transplanted into the vitreous of laser injured eyes survived well after 2 weeks and 4 weeks in vivo and were favorably recruited to retinal lesions (Fig. 3A-D) . No migration of Lin À BMCs to neighboring non-injured retinas was observed (Fig. 3A-D) . There was substantial migration of Lin À BMCs from the vitreous cavity to atop of Nerve fiber layer (NFL) then to retinal and subretinal areas (Fig. 3A-D) . Immunohistochemistry of retinas containing transplanted BrdU-labelled cells were distributed across the retina from vitreous cavity, NFL, ganglion cell layer (GCL), inner nuclear layer (INL), ONL and subretinal CNV (Fig. 4 D and F) . The migration of Lin À BMCs progressed with time. More cells migrated to sites of CNV at 4 weeks than 2 weeks after transplantation as shown by Qdot + cells (Fig. 3 B and D) and BrdU + cells (Fig. 4A-F) . These results demonstrated that Lin À BMCs not only migrated to laser lesions but also integrated into the injured retinas, providing an opportunity for these cells to differentiate into retinal cells.
Lin À BMCs proliferated after intravitreal transplantation
In order to study whether the Lin À BMCs continued to divide after intravitreal transplantation, we performed in vivo BrdU labelling. In the Lin À BMCs treated eyes, many BrdU + cells were also located at neuroretina and subretinal CNV both 2 weeks and 4 weeks after transplantations ( Fig. 5A and B) . However, many BrdU + cells
were not Qdot positive. In fact, the Qdot nanocrystals distributed in vesicles throughout the cytoplasm can be passed to daughter cells through six generations. The BrdU + /Qdot À cells in the neuroretina and some of them at the CNV areas were transplanted cells divided more than six generations. We also observed cells contained higher density of intracellular Qdots at the CNV of the 4 weeks treated eye ( Fig. 4A and B) , suggesting these cells differentiated earlier and had undergone less cell division than the cells on Fig. 2 . Increased expression of SDF-1 in retinas after laser exposure. C57BL/6 mice were exposed to argon laser. At 0, 1, 2, 4, 7, 12 and 15 days after the laser exposure, mice were euthanized (n = 3 at each time point) and total RNA was harvested from the retinas (6 retinas each time point). Real-time RT-PCR was done using TaqMan assay with primers and probes specific for SDF-1 or 18S rRNA as described in Materials and Methods. Each point represents the mean (±SD) and is expressed as the ratio of SDF-1 to 18S rRNA. * P < 0.05 and ** P < 0.005 by student t test for difference from Day 0 (control retinas without laser exposures). were identifiable in subretinal CNV of laser lesions from the contralateral eyes without treatment of Lin À BMCs (Fig. 5C and D) .
These findings indicated that the cell mass at subretinal CNV was formed by proliferated cells. Very scarce numbers of BrdU + cells
were found in the neuroretina of the injured eyes, without treatment of Lin À BMCs (Fig. 5C and D) . These cells were infiltrates of neutrophils and monocytes, induced by the laser injury.
Lin
À BMCs differentiated into endothelium in the subretinal CNV It has been shown that adult BM contains a population of EPCs that possess hemangioblast activity (Grant et al., 2002) . From this work, one would predict that the hemangioblasts give rise to circulating EPCs that participate in vessel homoeostasis. We examined whether the intravitreally injected Lin À BMCs contained a population of EPCs which mobilized to the laser-induced subretinal CNV regions. Both Anti-CD31 and GS isolectin B4 were used to identify endothelium by immunohistochemistry on the Lin À BMCs treated retinas 4 weeks post transplantation. The staining patterns of both markers were identical (data not shown). We noticed a number of Qdot + /GS isolectin B4 + cells that were evident in the subretinal CNV ( Fig. 6A-D) , suggesting transplanted Lin À BM differentiated into endothelium and participated in angiogenesis within the subretinal CNV.
À BMCs differentiated into RPE RPE is very susceptible to laser injury due to the high content of melanin, which absorbs most of the laser energy. The laser induces formation of vacuoles, deposition of lipofuscin and cell death in RPE. This process disrupts the ability of RPE to perform maintenance functions such as phagocytosis of outer segments, supplying nutrients to the retina and maintaining the blood-retinal barrier. Therefore, we asked if the Lin À BMCs have the plasticity to differentiate into RPE cells and participate in RPE repair. Using the pan-cytokeratin antibody to identify the RPE, we observed numerous Qdots + cells localized with the marker at the edge of CNV le- sion (Fig. 6E-H) . Our results indicated Lin À BM cells can transdifferentiate into RPE and had the ability to regenerate a portion of the damaged cell layer. These findings are consistent with previous studies from other groups (Harris et al., 2006) .
Lin À BMCs generated perictyes in subretinal CNV
Pericytes, vascular smooth muscle cells which envelope the surface of the vascular tube, play important roles in vessel growth, vessel maintenance, and pathological angiogenesis. Studies in animal models showed that reduction of pericyte coverage of retinal vessel increases pathological neovascularization in the retina due to increased susceptibility to angiogenic factors (Hammes et al., 2004; Pfister et al., 2008) . There is emerging evidence that BM-derived cells, differentiated into pericytes, can be identified in tumors and injured tissues (Song, Ewald, Stallcup, Werb, & Bergers, 2005) . Chan-Ling et al. (Chan-Ling et al., 2006) also described a population of NG2 + pericytes derived from circulating HSC located outside of choroidal venules, choroidal arterioles and choriocapillaries in laser-induced CNV. This prompted us to examine whether the intravitreally injected Lin À BMCs had the ability to generate pericytes within the laser-induced CNV. By performing immunohistochemistry using anti-actin to co-localize Qdot + Lin À BMCs, we observed some Qdot + cells that co-expressed actin, located at perivascular choriocapillaris beneath subretinal CNV (Fig. 6I-L) . This demonstrates that Lin À BMCs differentiated into pericytes close to the subretinal CNV. The differentiated pericytes might decrease the vessel's susceptibility to angiogenic factors and stabilize the vasculature's sprouting.
Lin
À BMCs express photoreceptor marker of rhodopsin Several studies have shown that BMSCs have the capability to differentiate into photoreceptors after transplanted to injured or diseased retinas (Kicic et al., 2003; Minamino et al. 2005; Tomita et al., 2002) . However, others showed BMSCs transplantation delays retinal degeneration without differentiating into photoreceptors (Arnhold, Absenger, Klein, Addicks, & Schraermeyer, 2007; Inoue et al., 2007) . The failure of BMSCs to generate photoreceptors in some studies may be due to the limited levels of migration of engrafted cells to neuroretinas in their models. In the current study, we were able to demonstrate significant levels of graft migration. Therefore, we investigated the ability of intravitreally injected Lin À BMCs to regenerate photoreceptors in our laser-induced retinal injury model. Using anti-rhodopsin to co-localize the Qdot + Lin À BMCs at the 4 weeks post transplanted retinas, we found a small number of Qdot + Lin À BMCs that expressed rhodopsin at ONL ( Fig. 6M-P) . This observation corroborated with many other studies (Kicic et al., 2003; Minamino et al., 2005; Tomita et al., 2002) . Although the numbers of Lin À BMCs that differentiated to photoreceptors were somewhat limited, our results further uphold the proof-of-concept that BMSCs have the plasticity to regenerate photoreceptors.
Discussion
Accidental laser exposure to the eyes may result in serious visual impairment due to retinal degeneration. As there is no effective treatment for the retinal degeneration, potential application of stem cell therapy has attracted considerable attention. Intraocular transplantation of stem cells is a fast growing research field. The functions of the transplanted cells are to replace the damaged cells and/or release diffusible factors, thereby acting as a local cell delivery system for tropic factors.
We and others have shown that circulating BMSCs travel to laser-induced lesion sites (Chan-Ling et al., 2006; Wang et al., 2007) . In the current study, we show here that intravitreally injected Lin À BMCs, labelled with intracellular Qdots, can easily be identified. These cells continue to proliferate and have the capability to integrate into injured retinas when injected at the time of elevated ret- inal expression of SDF-1. In contrast to other studies (Arnhold et al., 2007; Inoue et al., 2007) (Thompson & Gal, 2003) and secreting growth factors. In CNV, the replacement of diseased or damaged RPE would be pivotal to protect or rescue the adjacent photoreceptors. Newly generated endothelium may be beneficial or detrimental following laser injury. Reduction of pericyte coverage of existing retinal vessel has been shown to increase pathological neovascularization (Hughes, Gardiner, Baxter, & Chan-Ling, 2007 There are some debates about whether the BMSC/EPCs have beneficial or detrimental effects. Some studies have reported that these cells can stimulate lesion growth (Espinosa-Heidmann, Caicedo, Hernandez, Csaky, & Cousins, 2003; Sengupta et al., 2003) . However, emerging evidence has shown BMSCs/EPCs have beneficial effects to CNV (Chan-Ling et al., 2006; Dorrell, Otani, Aguilar, Moreno, & Friedlander, 2004; Otani et al., 2004; Sasahara et al., 2008; Yodoi, Sasahara, Kameda, Yoshimura, & Otani, 2007) , Otani and co-worker (Yodoi et al., 2007) who further analyzed the circulating BMSCs/EPCs in neovascular AMD, found increased numbers to that which was found in this study. Furthermore, a comparable paradigm was proposed in studies dealing with atherosclerosis (Dimmeler & Zeiher, 2004; Schmidt-Lucke et al., 2005) . BMSCs/ EPCs are considered to have the capacity to repair vascular injuries. The injured endothelial monolayer is regenerated by circulating BMSCs/EPCs, accelerating re-endothelialization and limiting atherosclerotic lesion formation.
In conclusion, our studies demonstrate that intravitreally injected BMSCs have the ability to mobilize into laser-induced retinal injury and differentiate into RPE, endothelial cells, pericytes and photoreceptors. Recently, a human feasibility study, conducting intravitreal autologous BMSC transplantation, reported that this procedure is safe by demonstrating normal intraocular pressure, stable visual acuity and no signs of inflammation or infection. (Jonas, Witzens-Harig, Arseniev, & Ho, 2008) . Hence intravitreal transplantation of autologous BMSC is a promising therapeutic approach in the treatment of laser-induced retinal trauma produced by laser exposure or other causal factors.
Disclaimer
The opinions or assertions contained herein are the private views of the authors, and are not to be constructed as official, or as reflecting the views of the Department of the Army or the Department of Defence.
